Abstract. Recent molecular studies addressing the phylogenetic relationships of avian orders have had conflicting results. While studies using nuclear DNA sequences tend to support traditional taxonomic views, also supported by morphological data [(paleognaths (galloanseres (all other birds)))], with songbirds forming a clade within Neoaves (all other birds), analyses with complete mtDNA genomes have resulted in topologies that place songbirds as one of the earliestdiverging avian lineages. Considering that over half of the extant bird species are songbirds, these different results have very different implications for our understanding of avian evolution. We analyzed data sets comprising nearly 4 kb of mitochondrial DNA (mtDNA) (complete 12S, ND1, ND2, and cytochrome b) plus 600 bp of the nuclear gene c-mos for 15 birds that were chosen to represent all major avian clades and to minimize potential long-branch attraction problems; we used a partition-specific maximum likelihood approach. Our results show congruence with respect to the ingroup among phylogenies obtained with mtDNA and the nuclear gene c-mos, separately or combined. The data sets support a traditional avian taxonomy, with paleognaths (ratites and tinamous) occupying a basal position and with songbirds more derived and forming a monophyletic group. We also show that, for mtDNA studies, turtles may be a better outgroup for birds than crocodilians because of their slower rate of sequence evolution.
Introduction
Reconstructing phylogenetic relationships among bird orders remains challenging due to the apparent radiation of many primary avian lineages, yielding short internodes within the tree, and due to uncertainty in rooting the avian tree with distantly related nonavian outgroups.
Recent molecular studies have had strikingly different outcomes. Phylogenies derived from DNA sequences of avian nuclear genes (e.g., RAG-1, CHD) (Groth and Barrowclough 1999; Garcı´a-Moreno and Mindell 2000) or RNA genes (van Tuinen et al. 2000) have recovered an avian phylogeny consistent with traditional morphological views (e.g., Cracraft 1988), i.e., placing paleognaths (ostrich-like birds and tinamous) and neognaths (all other birds) on either side of the earliest divergence for extant birds and placing songbirds (Passeriformes) as a more derived neognath (Fig. 1a) .
Studies based on complete mitochondrial DNA (mtDNA) sequences (Ha¨rlid et al. 1998; Mindell et al. 1999; Ha¨rlid and Arnason 1999; Haring et al. 2001) , on the other hand, have found novel topologies that contradict the traditional views of avian taxonomy by placing songbirds (Passeriformes) as one of the earliestdiverging lineages in the phylogeny (Fig. 1b) . These results held up when placing the mtDNA avian phylogeny in the larger contexts of vertebrate phylogeny (Janke et al. 2000) and tetrapod phylogeny , though not when the nonavian outgroup taxa were restricted to a crocodile and a turtle (Table 5 of Mindell et al. 1999) . Taxon sampling remains sparse for whole-mt genome analyses, and if homoplasious similarity among traits is abundant relative to homologous similarity, this could result in associations of taxa that do not reflect phylogeny (Felsenstein 1978; Hendy and Penny 1989; Philippe and Laurent 1998) . Nevertheless, a study by Johnson (2001) that included 916 avian cytochrome b (cyt b) sequences and crocodile and turtle outgroups concurred with the full-mtDNA studies in placing songbirds at or near the base of the avian tree, demonstrating that the unexpected placement of songbirds is not simply a result of the limited taxon sampling. Mindell et al. (1997) , however, pointed out that the ingroup topology of the trees found with mtDNA was consistent with the traditional avian taxonomy.
Here we conduct analyses on a phylogenetically balanced set of taxa and characters (comprising more taxa but fewer characters than the full-mtDNA studies) to see if the incongruence between nuclear and mt data for early avian divergences remains. We find our data sets to be congruent, in both separate and combined analyses, in supporting the more traditional phylogenetic hypothesis, with Passeriformes occupying a nonbasal position among the study taxa. This report of congruence for these avian taxa suggests that the difficulties encountered in interpretation of disparate molecular characters are tractable using existing approaches to modeling sequence evolution and a more balanced taxon and character sampling.
Materials and Methods

Taxonomic Sampling
We built data sets containing representatives of three primary avian clades: Paleognaths, Galloanseres (chickens and ducks), and Neoaves (all other birds, including songbirds). We included representatives of both major groups of songbirds (oscines and suboscines). Additionally, we included other representatives of Neoaves. We chose representatives of penguins, loons, and tube-nosed birds because these groups of birds appear to be related to one another (Sibley and Ahlquist 1990; Nunn et al. 1996; Cooper and Penny 1997) . By including several species in each clade we attempted to overcome long-branch attraction problems, which can be most acute when single species with no close relatives are included in a phylogenetic analysis. We used two turtles and two crocodilians as outgroups. We used new and published sequences for both nuclear and mtDNA. Our complete sampling scheme, along with GenBank accession numbers, is shown in Table 1 .
DNA Extraction, PCR Amplification, and Sequencing
We extracted DNA from tissues using the QIAGEN DNA-Easy tissue extraction kit, following the manufacturer's instructions. We obtained DNA sequences for three mitochondrial protein genes, NADH dehydrogenase subunits I (ND1) and II (ND2) and cyt b, using standard protocols and the primers described by Sorenson et al. (1999) . We also obtained DNA sequences for the small-subunit ribosomal RNA gene (12S) and for a 608-bp fragment of the nuclear gene c-mos, (Cooper and Penny 1997; Hughes and Baker 1999; Lovette and Bermingham 2001) . PCR products were cleaned using the QIAquick PCR purification kit and cycle-sequenced using the ABI BigDye sequencing kit in 10-ll sequencing reactions with 2 ll of the reaction mix. Sequencing reaction products were cleaned with Sephadex G50 columns and resolved in an ABI PRISM 377 DNA Sequencer.
Sequence Analysis
Alignment for the protein coding genes was straightforward and could be done by eye. We aligned 12S sequences based on a larger structural alignment (Mindell et al. 1997) , including well over 100 avian species, using Clustal X (Thompson et al. 1997 ). Areas of three or more consecutive characters scoring below 50% in the Clustal X alignment were considered ambiguous and excluded from the analysis, leaving a total of 814 bp in the analysis. All alignments are available from the authors upon request. We tested for homogeneity of base frequencies across taxa using PAUP* 4.08b (Swofford 1999) . We did this individually for the five genes and, also, for different gene combinations (Table 2) .
Using PAUP* we performed heuristic searches under the maximum likelihood (ML) criterion and under the maximum parsimony criterion with several weighting schemes, including removal of third codon positions. The appropriate models for the different data partitions were estimated with the program Modeltest v. 3.04 (Posada and Crandall 1998) (Table 3) , which compares models using likelihood-ratio tests (Huelsenbeck and Crandall 1997) . Searches were performed separately for each of the five genes and for different combinations as follows: total evidence (all five genes together), all protein genes, all mt genes, and mt protein genes only (i.e., excluding 12S and c-mos). Note that for some of these combinations, the data set includes chimeric taxa, with mtDNA sequences from one species and nuclear sequences from another within the same genus (Corvus and Eudyptes) or family (Acryllium and Numida, Aythya and Anas, Calonectris and Puffinus, Alligator and Gavialis; see Table 1 ). The inherent assumption of monophyly for each of these chimeric taxa is justified based on independent data and analyses (Sibley and Ahlquist 1990; del Hoyo et al. 1994; Nunn et al. 1996 . Mindell et al. 1997 Johnson and Sorenson 1998) . Branch support was estimated using Puzzle (Strimmer and von Haeseler 1996) and bootstrap as implemented in PAUP*.
Tree topologies were compared using the Shimodaira-Hasegawa (1999) test (see also Goldman et al. 2000) . This test allows for the statistical comparison between an optimal tree and other topologies. We used the test as implemented in PAUP*, with onetailed probabilities and 1000 RELL bootstrap replicates. We performed this test for each partition using the ML models identified as most appropriate with Modeltest. After finding optimal ingroup topologies (i.e., avian taxa only), we constrained the stable ingroup relationships to assess the attachment point of different outgroup combinations to the ingroup topology that we found to be optimal in previous unrooted analyses. Relative rate tests were performed following the method proposed by Mindell and Honeycutt (1990) .
Results
The results of the base composition homogeneity test in the different genes are presented in Table 2 . ND2 and cyt b were significantly different in their base composition (due to differences in composition of third base codon positions), suggesting potential for biases in phylogenetic analyses. We report our results based on ML models; results of parsimony analyses were nevertheless generally congruent with those of ML. The ML model parameters estimated for each of the five genes used in this study (Table 3) suggest three data partitions that make sense from a biological perspective. One partition encompasses the three mitochondrial protein genes (cyt b, ND1, and ND2), all of which were best explained by a GTR+C+I model, with a similar number of invariant positions, and similar shape parameters for the C distribution (evolutionary rate heterogeneity) of about 0.6 ± 0.25. The c-mos nuclear sequences were best explained by the TrN+C model (having equal transversion ratios, different transition ratios, and no invariants), and a C distribution shape parameter (a) of 0.3. The mt ribosomal 12S gene also fit a TrN+C model, but with a C distribution of 1.3. We provide additional results for analyses of individual genes and/or gene combinations.
Of the three biologically relevant data partitions described above, analyses of the mt protein genes and c-mos yield trees with almost-identical topologies (Fig. 2) . They differ in that suboscine birds are paraphyletic in the c-mos tree, with the phoebe (Sayornis phoebe) basal to other songbirds, and in the ostrich (Struthio camelus) pairing with tinamou (Crypturellus undulatus) rather than rhea (Rhea americana) in the mt protein tree. Neither of these topologies is significantly different from each other (Table 4) or from the topology of the tree recovered with all characters (and also with all four protein genes or all four mitochondrial genes; Fig. 2b ). Parsimony analysis of the mt protein genes excluding third codon positions results in a single tree showing paleognaths nested inside the loon/penguin/shear- Figs. A1 and A2 ). This topology is only two steps shorter than the one depicted in Fig.  2b and is not statistically different from it (Kishino and Hasegawa test under parsimony criterion p = 0.695). A similar analysis for c-mos results in 10 equally parsimonious trees, and their majority rule consensus is in complete agreement with the tree depicted in Fig. 2c except that the loon and the shearwater are unresolved at the base of the clade containing songbirds, loon, and penguins. The topology of the tree retrieved by 12S (see Fig. A1 ) differs from those recovered by protein genes in many substantial ways and was rejected as significantly worse using all other data sets (Table 4) . By excluding portions of the 12S gene that are variable in length among taxa, however, potential phylogenetic information is also excluded. To find trees based on the entire 12S gene, we also used parsimony-based optimization alignment as implemented in the program POY (phylogeny reconstruction via direct optimization [Gladstein and Wheeler 1996] ). Trees found in these analyses showed greater congruence with the overall analysis and with trees from other data partitions, suggesting that incongruent 12S topologies found in the ML analyses were the result of limited phylogenetic information rather than strongly conflicting data. The phylogenetic tree retrieved using only cyt b was the most different among the protein coding genes. Although not significantly different from the two partitions discussed here (i.e., mt proteins and c-mos), using a more conservative analysis (e.g., a = 90%) its topology would be rejected as a worse arrangement with three ML models whose data partition recover what we assume is the correct Fig. 2 . Phylogenetic trees retrieved with our mitochondrial and nuclear sequences using maximum likelihood on nucleotide sequences (see Table 3 ). (a) Rooted tree based on four mt genes (12S, ND1, ND2, cyt b) with both turtles and crocodiles as outgroups and showing the four expected avian clades. Branches are drawn in proportion to the amount of change along them. Notice the short internodes in the avian clade and the rate acceleration in the branch leading to crocodiles. Boxed taxa constitute the Neoaves (along with all other birds [not included in this study] and excluding Paleognaths and Galloanseres). (b) Unrooted cladogram of the avian ingroup from a. Trees with identical branching order were also found using all characters and combining the four protein genes (see Table 4 topology (Fig. 2b) , namely, all alignable characters (p = 0.051), all mt genes (p = 0.071), and all protein genes (p = 0.078) (see Table 4 ).
To explore the attachment point of different outgroups to the optimal ingroup phylogeny found in unrooted analyses, we constrained the topology of the ingroup using a backbone constraints tree and then repeated the analyses using the same partitions of data (including 12S) and the appropriate likelihood models. The backbone constraints tree was a strict consensus of five of six optimal topologies found using all nine data partitions (i.e., all topologies except for the one obtained with the 12S partition, which is significantly different from the others; see Table 4 ).
The different outgroups tested attached to different branches. When we used two crocodilians as the outgroup (Alligator mississippiensis and Caiman crocodylus for mtDNA, Gavialis gangeticus and Caiman yacare for c-mos), they attached to the branch leading to Neoaves, with the c-mos nuclear data set (Fig. 2c) resulting in a sister relationship between galloanseres and paleognaths. The two crocodilians attached to the branch leading to the loon/penguin/ shearwater clade with the mt protein data set (Fig.  2d) and to the branch between tinamou and ratites with 12S. They attached to the branch leading to oscine songbirds when we used only the cyt b data. When we used testudines as outgroup (Chrysemys picta and Pelomedusa subrufa), we recovered a traditional branching order with the mt protein genes, i.e., (paleognaths (galloanseres (other birds))), with songbirds grouped together in a clade within the Neoaves (Fig. 2d) . Turtles attached to the branch leading to Neoaves with the c-mos data set (Fig. 2c) , again resulting in a sister relationship of paleognaths and galloanseres. The turtle c-mos fragment we used, however, is only about half as long as the avian and crocodylian sequences (350 vs 608 bp) (Saint et al. 1998) . Using cyt b only, the turtles also attached to the branch leading to Neoaves. Using both outgroups combined (i.e., turtles and crocodiles) resulted in either the paleognath-galloanseres sister relationship (c-mos) or a traditional branching order (12S, mt proteins).
We used the test of Shimodaira and Hasegawa (1999) to test the robustness of the outgroup attachment points. We compared topologies where the songbirds or the loon/penguin/shearwater clades were forced to be basal among birds with the topologies of the nine optimal trees found with each gene partition and with four outgroup taxa (two crocodilians and two turtles). We ran the test using each of the partitions with its associate ML model (the outcome was similar regardless of whether the model parameters were estimated with or without the four outgroup taxa). The only tree that was consistently rejected was the one retrieved using cyt b, where the outgroup attached to the branch leading to oscine birds.
We performed relative rate tests on the wholemtDNA sequences and on the c-mos sequences. We detected a rate difference among birds only between the redhead (Aythya americana) and the chicken (Gallus gallus), the chicken being slower (p = 0.02 rooting with crocodiles, and p =0.043 rooting with turtle). In all comparisons between turtles and crocodiles, rooting with mammals (seal, GenBank acces- Each topology was tested using the data partition listed in each column and its associated maximum likelihood model. One-tailed tests. b Tree topology 1 was retrieved with all characters, all proteins, and mt genes partitions; topology 2, with 12S characters partition; topology 3, with ND1 partition; topology 4, with ND2 partition and mt proteins partition; topology 5, with cyt b partition; and topology 6, with c-mos partition. Topologies are described in Fig. A1 . c Italics show topologies that would be rejected under a more conservative test (i.e., a = 90%). * Significantly worse topology at 95% confidence level (one-tailed test) under the model being used. Fig. A1 . Unrooted trees found in the ML analyses without an outgroup and in the POY analyses for 12S. Numbers in parentheses refer to the tree numbers in Table 4 . Fig. A2 . Unrooted trees found in the maximum-parsimony analyses without an outgroup excluding third codon positions and with equal weights. Majority-rule consensus trees shown where multiple equally parsimonious solutions were found.
sion number NC_001325; horse, NC_001640) or Xenopus (NC_001573), the crocodiles showed an accelerated rate of mutation (p < 0.001) relative to the turtles or birds, and birds showed an accelerated rate relative to turtles (p £ 0.034). For c-mos we found that the ducks, chicken, and tinamou showed an accelerated rate in comparison with the loon, penguins, shearwater, guineafowl, and songbirds. However, we did not find significant differences between turtles and crocodiles for a 350-bp fragment of this nuclear gene.
Discussion
Debate about higher-level avian phylogenetics has recently centered on the different results obtained from nuclear and mt sequence data. Nuclear data are generally congruent with traditional views of avian classification (Sibley and Ahlquist 1990; Groth and Barrowclough 1999; Garcı´a-Moreno and Mindell 2000) , whereas mt data are not (Ha¨rlid et al. 1998; Ha¨rlid and Arnason 1999; Mindell et al. 1999; Johnson 2001) . Our results show remarkable congruence in the ingroup topology between three mitochondrial protein genes and an independent nuclear protein gene (Fig. 2) . Aside from the odd placement of the rhea in the mt protein tree, the only difference between the two ingroup topologies is whether suboscine songbirds are monophyletic (mt proteins) or paraphyletic (c-mos); recent studies focusing on this particular issue corroborate the monophyly of both songbirds and oscine and suboscine birds (Irestedt et al. 2001 ; see also Garcı´a-Moreno and Mindell 2000) . Despite the differences in base composition, we found similar results when we applied a parsimony approach to our data sets. This is probably because the data sets are very well balanced, with no long branches. The partial disagreement seen when third codon positions are removed may be due to lack of enough informative characters left in the mt protein genes. This results in some very short internal branches, which in turn make it difficult to resolve the phylogeny unequivocally. It is interesting to note that all genes and gene combinations, with the exception of 12S on its own, recovered the basic four clades of the tree (paleognaths, galloanseres, loon/penguin/shearwater, and songbirds). This congruence between data sets, and with other studies (Sibley and Ahlquist 1990; Groth and Barrowclough 1999; Garcı´a-Moreno and Mindell 2000; van Tuinen et al. 2000) , suggests that this is the correct overall topology of the avian phylogeny (see Miyamoto and Fitch 1995) . Why is it, then, that other studies addressing the avian phylogeny with mtDNA characters reached different conclusions? Although all mt genome-based studies had a very thorough character sampling (full mt genomes), their taxon sampling was limited to between 4 and 10 avian taxa (Ha¨rlid et al. 1998; Mindell et al. 1999; Ha¨rlid and Arnasson 1999) -some of which appear to have accelerated rates of evolution (e.g., Falco, Smithornis). Even though our taxon sampling is still very limited (15 birds), we chose taxa in a way that minimizes long-branch attraction problems. This may be the reason why our parsimony analyses are congruent with our likelihood ones. In any case, it appears that more complex model-based likelihood analyses have the power of retrieving optimal topologies from mtDNA data that are compatible with more traditional views and with nuclear DNA studies. In fact, Mindell et al. (1999) found optimal trees compatible with traditional views of avian taxonomy when more complex likelihood models were used (their Table 5 ).
More difficult to establish is the branching order among these clades because of an inherent outgroup problem. Crocodilians are generally considered to be the extant group most closely related to birds (Cao et al. 2000) , but the internode between ingroup and outgroup is so long that it is prone to artifacts (Felsenstein 1978; Philippe et al. 2000 ) (see Fig. 2a ), and it is therefore unclear whether the results obtained are correct. Although in theory it is possible to find a better outgroup than the crocodilians by means of gene duplications (see Garcı´a-Moreno and Mindell 2000) , in practice we have not found a system that can truly bypass this situation. Therefore our study, like all avian molecular analyses, suffers from the same uncertainty regarding the correct branching order of the avian clades. This is reflected in the fact that we are unable to discriminate statistically between alternative hypotheses regarding the most basal avian group. When we use the crocodilians as outgroup, the results with the nuclear gene are consistent with the results obtained with DNA-DNA hybridization (Sibley and Ahlquist 1990) , i.e., a sister relationship of paleognaths and galloanseres. This relationship, however, remains uncertain; other characters, such as heteromorphic sex chromosomes and apparent barriers to sex chromosome recombination (Garcı´a-Moreno and Mindell 2000), appear to link galloanseres more closely to neognaths than to paleognaths. Completely novel would be the topology that places loon/penguin/shearwater as the basal taxon among birds, although some of the oldest avian fossils known belong to these groups (e.g., Ref. 33 in Cooper and Penny 1997) . If turtles are used as outgroup with c-mos sequences, we get the paleognath-galloanseres relationship, just as with a crocodilian outgroup. We get a traditional avian topology, however, with the mt protein genes and a turtle outgroup. Using both outgroups combined (i.e., turtles and crocodilians) yields either the paleognath-galloanseres sister relationship (c-mos) or a traditional topology (12S, mt proteins). These differences in the attachment of the root may derive from the fact that the deepest branches of the ingroup are very short, thus small changes in the outgroup may result in its attachment to a different (contiguous) branch. Moreover, the crocodilian lineage has a significantly faster rate of mtDNA sequence evolution relative to turtles and birds (long-branch leading to crocodiles in Fig. 2a [see also Janke et al. 2000]) , and this may explain the different attachment positions for crocodilian and turtle outgroups (Fig. 1) . Despite crocodiles being the closest extant relatives of birds, turtles may be more useful as avian outgroups, as their sequences are likely more similar to those of their common ancestor with birds.
If the outgroups we have chosen are not too misleading, our data set is consistent with a derived position of songbirds, which comprise a monophyletic clade. It is not consistent with suggestions that songbirds are the most basal avian order or that they constitute a paraphyletic assemblage.
Conclusions
In this work we have shown congruence in the avian phylogeny obtained with three mitochondrial protein sequences and the nuclear protein c-mos, as both data sets recover phylogenies with very similar ingroup topologies. We have also shown that turtles perform better as outgroup for birds than crocodiles, at least for mtDNA-based studies, despite the latter being the closest living relatives of birds. Our analyses are congruent with traditional avian taxonomy, placing paleognath birds at or near the base of the tree and songbirds as a more derived monophyletic group.
